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Diuron [3-(3,4-dichlorophenyl)-=1,1-dimethylurea] and simazine (6-chloro-N2, N4-diethyl-1,3,5-triazine-2,4-diamine) are soil-
applied herbicides used in olive crops. The objective of this study is to investigate the combined effect of these herbicides and the
amendment of soil with an organic waste (OW) from the olive oil production industry on the growth and photosynthetic apparatus of
adult olive trees and to compare the results with those obtained by Redondo-Go´mez et al.[1] for two-year-old trees. For this purpose,
growth rate, gas exchange and chlorophyll fluorescence parameters were measured in 38-year-old olive trees, after one and twomonths
of soil herbicide treatment and/or OW amendment. Soil co-application of OW and herbicide increases the quantum efficiency of
Photosystem II (PSII) and the assimilation of CO2 in olive trees, which led to a higher relative growth rate of the branches and leaves
in length. Herbicide treatment reduced the photosynthetic efficiency in olive trees after two months of soil application, while this
reduction is evident from week one in younger trees.
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Introduction
Application of herbicides to soils is an agricultural prac-
tice necessary if stable crops are to be achieved. Diuron
[3-(3,4-dichlorophenyl)-=1,1-dimethylurea] and simazine
(6-chloro-N2,N4−diethyl-1,3,5-triazine-2,4-diamine) are
soil-applied herbicides frequently used in olive crops in
Spain. These herbicides are powerful inhibitors of photo-
synthesis by interrupting the light-driven flow of electrons
from water to Nicotinamide adenine dinucleotide phos-
phate (NADP).[2] Once in the soil, adsorption onto soil
particles is one of the most important processes affecting
the effectiveness of appliedherbicides.[3–5] Redondo-Go´mez
et al.[1] demonstrated that the addition of a residue from the
olive oil production industry (solid olive-mill organicwaste,
OW) to soil increases herbicide soil adsorption, especially
in the case of diuron, the adsorption of which is almost ten
times higher in OW-amended soil than in the unamended.
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This increase in soil adsorption gives rise to a reduction in
soil solute concentration, reducing the amount of herbicide
available for plant uptake. In addition, in a previous study
(Redondo-Go´mez et al.[1] ) we found a reduction in photo-
synthetic efficiency of two-year-old olive trees three weeks
after herbicide treatment. This photosynthetic stress was
not detected in plants amended with OW, which has been
attributed to reduction in herbicide uptake.
These results have encouraged us to perform further ex-
periments with older olive trees, since seedlings are uncer-
tain surrogates for adult trees given ontogenetic changes in
morphological and physiological characteristics.[6] In this
context, Becker et al.[7] found that the response to fertiliza-
tion was different according to the age of the oak species.
Thus, the aim of this study is to investigate the effect of a
commercial herbicide, which include diuron and simazine
as active ingredients, and the effect of OW soil amendment
on growth and gas exchange of Olea europaea L., and to
compare these results with those obtained by Redondo-
Go´mez et al.[1] about the combined effect of these herbicides
and soil addition ofOWonPhotosystem II Photochemistry
for two-year-old olive trees. For this purpose chlorophyll
fluorescenceandmeasurementsof gas exchangeusing infra-
red gas analyzers were performed.
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Materials and Methods
Plant material and treatments
The experiment was conducted in an olive orchard at “La
Hampa,” an experimental farm of the Spanish Council of
Scientific Research (CSIC) 15 km south of Seville, (37◦ 17′
N, 6◦ 3′ O, elevation 30 m; SW Spain). The trees were
38 years old in 2006 and were not irrigated.
The soil is a sandy loam (Xerochrept) with depth rank-
ing from 0.9 to 2 m. The texture is quite homogeneus with
depth, with average values from the surface to the pan of
14.8% clay, 7.0% silt, 4.7% fine sand and 73.5% coarse
sand.[8]The climate of the area is typically Mediterranean.
The herbicide used in this study was a commercial for-
mulation kindly supplied by Aragonesas Agro (Spain) con-
taining 30% diuron and 20% simazine. The solid olive-mill
organic waste (OW) used as soil amendment is a residue
from the olive oil production industry. This waste was dis-
tributed around the trunk of olive trees, in a circle of 1 m
radius at the rate of 1 Kg m−2. The soil around olive trees
was also treated with the commercial herbicide at the rate
of 3 l ha−1 (H) andwith both, herbicide andOW(H+OW).
In the case of herbicide treatment, herbicide was added one
month after the organic amendment, in May 2006. Tripli-
cate trees for each treatment (OW, H and H + OW) were
used, and triplicates without herbicide nor organic waste
were used as controls.
Growth
At the beginning of the experiment, four secondary
branches of each tree were marked using colored wires. In
addition, two leaves were marked in the same way in each
branch. At the beginning and the end of the experiment,
measurements were taken of the height of the branches and
the leaves. From these measurements, a daily length relative
growth rate was calculated using the formula:
Relative growth rate (cm cm−1day−1) = X L−1 D−1
whereX=Average change in lengthof themarkedbranches
and leaves per plant, L = initial length and D = duration
of experiment in days.
Measurement of gas exchange
Gas exchange analysis was made using an open system (LI-
6400, LI-COR Inc., Lincoln, Neb., USA) after one and two
months of treatment (June and July 2006). Net photosyn-
thetic rate (A), intercellular CO2 concentration (Ci) and
stomatal conductance to CO2 (Gs) were determined at an
ambient CO2 concentration of 365 µmol mol−1, tempera-
ture of 25/28◦C, 50 ± 5% relative humidity and a photon
flux density of 1000 µmol m−2 s−1. The values for A, Ci
and Gs were calculated using standard formulae from Von
Caemmerer and Farquhar.[9] The photosynthetic area was
calculated after painting the surface of each leaf over a mil-
limeter paper. The water-use efficiency (WUE) was calcu-
lated as the ratio between A and transpiration rate [mmol
(CO2 assimilated) mol−1(H2O transpired)].
Measurement of chlorophyll fluorescence
Chlorophyll fluorescence was measured using a portable
modulated fluorimeter (FMS-2, Hansatech Instrument
Ltd., England) after one and twomonths of treatment (her-
bicide and/or OW) in adult leaves. Light and dark-adapted
fluorescence parameters were measured at dawn (between
1 and 7 µmol m−2 s−1) and midday (1700 µmol m−2 s−1) in
order to determine if herbicide, OW or the combination of
both affected the sensitivity of plants to photoinhibition.[10]
Plants were dark-adapted for 30 min, using leaf–clips de-
signed for this purpose. The minimal fluorescence level in
the dark-adapted state (F0) was measured using a modu-
lated pulse (<0.05 µmol m−2 s−1 for 1.8 µs) too small to
induce significant physiological changes in the plant.[10] The
data stored were an average taken over a 1.6 s period.Max-
imal fluorescence in this state (Fm) was measured after ap-
plyinga saturating actinic light pulse of 15000µmolm−2 s−1
for 0.7 s.[11] Values of the variable fluorescence (Fv = Fm
- F0) and maximum quantum efficiency of PSII photo-
chemistry (Fv/Fm) were calculated from F0 and Fm. The
same leaf area of each plant was used to measure light-
adaptedparameters. Steady statefluorescenceyield (Fs)was
recorded after adapting plants to ambient light conditions
for 30 min. A saturating actinic light pulse of 15000 µmol
m−2 s−1 for 0.7s was then used to produce the maximum
fluorescence yield (Fm′) by temporarily inhibiting PSII pho-
tochemistry.
Using fluorescence parameters determined in both light-
and dark-adapted states, the following were calculated:
quantum efficiency of PSII (!PSII= Fm′−FsFm′ );[12] photo-
chemical quenching (qP= Fm′−FsFm′−F0 ), and non-photochemical
quenching (NPQ= Fm−Fm′Fm′ ).[10]
Statistical analysis was carried out using Statistica v.
6.0 (Statsoft Inc., Tulsa, USA). Data was analyzed using
analysis of variance (F-test). Significant test results were
followed by the Tukey test for identification of important
contrasts.[13] Differences between timescale measurements
of one and two months, and fluorescence at dawn and mid-
day were compared by the Student test (t-test).
Results and Discussion
Growth
Maximum relative growth rate of the branches in length
were recorded for H + OW treatment, although signif-
icant differences were found only between H and H +
OW treatments [analysis of variance (ANOVA, P < 0.05;
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Fig. 1.Relative length growth rate of marked secondary branches
of Olea europaea treated with herbicide (H), solid olive-mill or-
ganic waste (OW) and both of them (H+OW) for two months.
Fig. 1)]. Herbicide treatment rendered the lower growth
rate of branches, which can be due to stress. Brito et al.[14]
recorded that growth of shoots ofO. europaea ssp.maderen-
sis was reduced under stress and Redondo-Go´mez et al.[1]
found that soil application of diuron and simazine reduced
the efficiency of photosystem II photochemistry of two-
year-old olive trees due to chronic photoinhibition.Growth
rate of the leaveswasnot affectedby thedifferent treatments
after two months (ANOVA, P > 0.05), although H + OW
trees also showed higher values than the other treatments
(Fig. 2).
Measurement of gas exchange
The long-term effects of different treatments on the relative
growth rate ofO. europaea is mainly mediated by variations
in net photosynthetic rate. In OW and H+OW treatments
olive trees showed higher A values than the control and H
treatments after a month (ANOVA, P < 0.05). Trees un-
der H + OW treatment recorded the highest value of net
Fig. 2. Relative length growth rate of marked leaves of Olea eu-
ropaea treated with herbicide (H), solid olive-mill organic waste
(OW) and both of them (H+OW) for two months.
photosynthetic rate after two months (ANOVA, P< 0.001;
Table 1). This is in agreementwith the increase in net photo-
synthetic rate in winter wheat with long-term fertilization
with organic manure.[15] This higher assimilation of CO2
appeared to be due to an increase in intercellular CO2 con-
centration (Ci), which can be explained by the increase in
stomatal conductance (Gs) in response to H + OW treat-
ment (ANOVA, P< 0.01; Table 1). In the case of herbicide
treatment, trees showed lower values of A and Gs after one
month. These values were similar to the control after two
months, despite these herbicides, diuron and simazine, are
known to inhibit photosynthesis of plants.[2,16]
All treatments showed similar values of water use effi-
ciency (WUE) on timescale of up to two months, but there
was a significant difference between values of WUE after
one and twomonths (t-test, P< 0.0001);WUEwas lower at
the end of the experiment (Table 1). This difference can be
explained by the decrease in stomatal conductance (t-test,
P < 0.05) at the second month. In July, measurements of
gas exchangeweremade at higher temperatures (July, 35◦C;
June, 29◦C)without rainfalls during the experiment time, so
reduction in stomatal conductance avoids the loss of water
by transpiration. This agrees with Ferna´ndez et al.[8], who
showed a decrease in Gs in olive trees under deficit irriga-
tion. At the second month of the experiment, July 2006,
the measurements of gas exchange were made at higher
temperature (35◦C) than the first month (29◦C). Also, the
decrease in Gs explains mostly the concomitant decrease in
CO2 assimilation for all treatments after two months.
Measurement of chlorophyll fluorescence
The fluorescence parameters presented in Tables 2 and 3
correspond to olive trees after one and two months of
treatment, respectively. These tables show fluorescence pa-
rameters measured at midday, which indicates plants’ re-
sponse to light stress, and the recovery of these parame-
ters the following day at dawn. There was a difference be-
tween values of Fv/Fm at midday and dawn as a result
of lower values of qP at midday (t-test, P < 0.0001). At
midday, the reduction in Fv/Fm values indicated that olive
trees experienced photoinhibition at the higher light flux.
This photoinhibition is caused by a lower proportion of
open reaction centers (lower values of qP) resulting from
a saturation of photosynthesis by light. Also quantum ef-
ficiency of PSII (!PSII) and non-photochemical quench-
ing (NPQ) demonstrated the difference between sampling
times (t-test, P < 0.0001; Tables 2 and 3) after one and
two months. !PSII decreased as a consequence of the de-
crease in qP and the increase in NPQ, which indicates that
the plants dissipated light as heat, protecting the leaf in
this way from light-induced damage[17]. These results agree
with those showed by Redondo-Go´mez et al.[1] for two-
year-old olive trees under the same four treatments, but
do not agree with those reported by Brack and Frank[18],
which showed a simultaneous decrease in photochemical
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Table 1. Net photosynthetic rate (A), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and water use efficiency
(WUE) inOlea europaea treated with herbicide (H), solid olive-mill organic waste (OW) and both of them (H+OW) for one and two
months∗
After one month
Treatments A (µmol m−2 s−1) Gs (mmol m−2 s−1) Ci (µmol mol−1) WUE (mmol mol−1)
Control 15.60 ± 0.78a 0.22 ± 0.02ab 240 ± 11.6ab 6.59 ± 0.57
H 15.13 ± 1.04a 0.18 ± 0.03a 192 ± 25.4a 6.59 ± 0.70
OW 17.13 ± 0.82ab 0.28 ± 0.01b 260 ± 2.9b 6.13 ± 0.17
H+OW 18.33 ± 0.72b 0.28 ± 0.03b 268 ± 3.7b 6.15 ± 0.23
After two months
A (µmol m−2 s−1) Gs (mmol m−2 s−1) Ci (µmol mol−1) WUE (mmol mol−1)
Control 13.70 ± 0.69a 0.15 ± 0.01a 219 ± 10.4 11.69 ± 1.03
H 13.83 ± 0.67a 0.18 ± 0.01a 217 ± 4.0 11.61 ± 0.65
OW 14.15 ± 0.76a 0.18 ± 0.01a 228 ± 5.2 11.54 ± 0.68
H+OW 17.62 ± 0.67b 0.21 ± 0.02b 231 ± 8.3 13.51 ± 1.23
∗Values are mean± standard error (n= 15). Means within a gas exchange parameter that have a different letter are significantly different from each
other (Tukey test, P < 0.05).
and non-photochemical quenching upon exposure to the
herbicide diuron.
Redondo-Go´mez et al.[1] found that Fv/Fm and !PSII
were affected by the different treatments from week one
for two-year-old trees, but the present study with adult
trees shows that these parameters are not affected until
two months of treatment (see Tables 2 and 3) indicating
that younger plants are more sensitive to herbicide treat-
ment. The Fv/Fm values at dawn recovered completely to
optimal values for unstressed olives,[19] which indicates that
photoinhibition is mainly dynamic. The adult olive trees
treated with herbicide recorded the lower values of !PSII
Table 2. Maximum quantum efficiency of PSII photochemistry (Fv/Fm), quantum efficiency of PSII (!PSII), photochemical
quenching (qP) and non-photochemical quenching (NPQ), at midday and dawn in Olea europaea treated with herbicide (H), solid
olive-mill organic waste (OW) and both of them (H+OW) for one month*.
Midday measurements
Treatments Fv/Fm !PSII qP NPQ
Control 0.81 ± 0.01 0.46 ± 0.03 0.67 ± 0.04 0.49 ± 0.06
H 0.79 ± 0.01 0.42 ± 0.02 0.68 ± 0.04 0.52 ± 0.06
OW 0.81 ± 0.01 0.48 ± 0.03 0.73 ± 0.02 0.47 ± 0.05
H+OW 0.81 ± 0.01 0.49 ± 0.02 0.72 ± 0.03 0.43 ± 0.03
Dawn measurements
Fv/Fm !PSII qP NPQ
Control 0.86 ± 0.00 0.78 ± 0.01 0.94 ± 0.01 0.23 ± 0.02
H 0.86 ± 0.00 0.79 ± 0.00 0.95 ± 0.00 0.20 ± 0.02
OW 0.86 ± 0.00 0.78 ± 0.01 0.95 ± 0.01 0.21 ± 0.02
H+OW 0.86 ± 0.00 0.79 ± 0.00 0.95 ± 0.00 0.22 ± 0.02
∗Values are mean ± standard error (n = 12). Means within a fluorescence parameter that have different letter are significantly different from each
other (Tukey test, P < 0.05).
(0.33 and 0.81 at midday and dawn) and Fv/Fm at dawn,
and the higher values of NPQ at midday, while trees treated
withH+OWshowed thehighest values of!PSII atmidday
(Table 3). This agrees with Redondo-Go´mez et al.[1], who
showed that co-application of OW and herbicides is bene-
ficial for olive plants, since it compensates photoinhibition
induced by light stress. OW increases herbicide adsorption,
reducing the amount of herbicide in the soil solution[4] and
the photoinhibitory damage that herbicides can cause.[17]
The higher assimilationofCO2 of olive trees underH+OW
treatment could be due to a higher quantum efficiency of
PSII. Under laboratory conditions, there is usually a strong
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Table 3.Maximumquantumefficiency of PSII photochemistry (Fv/Fm), quantumefficiency of PSII (!PSII), photochemical quench-
ing (qP) and non-photochemical quenching (NPQ), at midday and dawn inOlea europaea treated with herbicide (H), solid olive-mill
organic waste (OW) and both of them (H+OW) for two months*.
Midday measurements
Treatments Fv/Fm !PSII qP NPQ
Control 0.81 ± 0.00a 0.37 ± 0.02a 0.54 ± 0.03a 0.61 ± 0.06a
H 0.82 ± 0.00ab 0.33 ± 0.01ab 0.48 ± 0.02a 0.59 ± 0.05a
OW 0.83 ± 0.00b 0.39 ± 0.02ac 0.52 ± 0.03a 0.52 ± 0.07ab
H+OW 0.82 ± 0.00ab 0.43 ± 0.02d 0.63 ± 0.03b 0.47 ± 0.03b
Dawn measurements
Fv/Fm !PSII qP NPQ
Control 0.86 ± 0.00ac 0.82 ± 0.00ab 0.97 ± 0.00 0.11 ± 0.02
H 0.85 ± 0.00a 0.81 ± 0.00a 0.96 ± 0.00 0.11 ± 0.01
OW 0.87 ± 0.00b 0.83 ± 0.00b 0.97 ± 0.00 0.10 ± 0.01
H+OW 0.86 ± 0.00bc 0.82 ± 0.00ab 0.96 ± 0.00 0.11 ± 0.01
∗Values are mean ± standard error (n = 12). Means within a fluorescence parameter that have different letter are significantly different from each
other (Tukey test, P < 0.05).
linear relationship between !PSII and net photosynthetic
rate.[12,20]
Conclusions
This long-term experiment with adult olive trees completes
the results obtained by Redondo-Go´mez et al[1] for two-
year-old trees. In adult olive trees the reduction in photo-
synthetic efficiency after herbicide treatment appears two
months after the treatment, while this reduction is evident
from week one in the case of young trees. The addition of
OW to olive trees treated with herbicide increases the quan-
tumefficiency of PSII. The higher!PSII of plants amended
with OW gave rise to a higher Co2 assimilation, and con-
sequently H + OW treatment recorded the higher relative
growth rate of the length of olive tree branches and leaves.
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